Purpose Data from recent adult studies suggest a decline of median urinary iodine concentrations (UIC) in Germany, but since 1996 no German study investigated UIC in neonates. The aim of our study was to investigate UIC and serum thyroidstimulating hormone (TSH) levels in neonates from Germany. Methods We used data from 399 neonates, which were born between April 2005 and November 2006 in the Northeast of Germany. UIC were evaluated by a photometric procedure with Sandell and Kolthoff reaction and afterwards corrected to be comparable with an ICP-MS method. TSH was determined from capillary blood, which was taken within 5 days after birth, by DELFIA. Results Median UIC were 150 µg/L (25th percentile: 104 µg/L; 75th percentile: 196 µg/L) and differed between boys (153.3 µg/L) and girls (131.5 µg/L; p = 0.012). The prevalence of serum TSH levels > 5 mIU/L was 14%. Neonates from mothers with intake of iodine supplementation (150 µg/L) had significantly higher median UIC than neonates from mothers without iodine supplementation (132 µg/L; p = 0.011). Multivariable linear regression adjusted for sex and iodine supplementation of the mother revealed a significant association between UIC and log-transformed serum TSH levels (β = 0.003: 95% confidence interval (CI) = 0.0001-0.005; p = 0.028). Conclusions Neonates in Northeast Germany did show a sufficient supply of iodine. This points towards the possibility of a sufficient iodine supply of neonates also in other regions of Germany, even though recent studies in adults may indicate mild iodine deficiency.
Introduction
Prevalence and incidence of thyroid disorders depend on the iodine supply in a study region. Germany is a region of formerly iodine deficiency with regional disparities in severity across the country [1] . In 1983, an iodine prophylaxis was introduced in East Germany, whose effects disappeared after reunification of Germany [1] . In 1993, legislation on voluntary iodine fortification was initiated for whole Germany. The major component of the fortification program was the removal of declaring iodine in food products encouraging food companies to use iodized salt in food production for humans and cattle. Consequently, iodized salt was more frequently used in households, canteens, restaurants, and industrial food production [1] . Likewise, the content of iodine in milk increased [1] . In Germany, the use of iodized salt is voluntary. Its iodine content is 20 µg/g on average 1 3 with an allowed tolerance range of 15-25 µg/g [2] . Almost 80% of the German households use iodized salt at home [3] . However, its contribution to total iodine nutrition is rather moderate, since > 80% of total salt intake stems from processed food [3] . The most important source of iodine supply from salt ingestion in Germany is provided by industrial and partly artisanal food production. Estimations of the portion of processed foods containing iodized instead of unfortified salt have yielded a decrease from 35% in 2004 to 29% in 2011 [3] .
From the end of the 1990s urinary iodine concentrations (UIC) were reported to be at a lower recommended level in adults [4] [5] [6] [7] and in underage persons [8] from Germany. One recent report from the nationwide DEGS study, however, reported a median UIC of 62 µg/L in adults suggesting a decreased iodine intake in the general population [9] . In contrast to the excellent characterization of the iodine status in the general German population, there is limited knowledge whether the improved iodine supply is also sufficient in pregnant women and neonates. A German study from 1996 reported a moderate increase of median UIC in 739 neonates during the 1990s [10] , which was still below the cut-off of 100 µg/L established by the World Health Organization (WHO) [11] . That study was conducted only 3 years after initiation of the iodine fortification program [10] , so that UIC might have been further increased in Germany afterwards, which has not been investigated so far.
Against this background, the aim of our study was to investigate UIC and serum thyroid-stimulating hormone (TSH) levels of neonates in Germany. Therefore, we analyzed data from neonates given birth in the Northeast of Germany between 2005 and 2007.
Materials and methods

Study population
For the present study, we analyzed data from 503 neonates, which were born between May 2005 and April 2007 at the Clinic for Gynecology and Obstetrics of the University Medicine Greifswald. These neonates are part of the Survey of Neonates in Pomerania (SNIP), in which in total 7000 neonates, whose mothers have their main resistance in the city of Greifswald or in the region of Western Pomerania, were enrolled between 2002 and 2007. More details on the SNIP study can be found elsewhere [12] . The hospital is located in West Pomerania, where the Study of Health in Pomerania characterizes the regional population for their iodine status, thyroid and other disorders [13] .
From the 503 neonates, we excluded 114 infants born before the 38th week of pregnancy, 15 infants because of missing data in iodine excretion levels, serum TSH levels, or information on iodine supplementation of the mother during pregnancy resulting in a total study population of 399 neonates (165 girls). No multiple births were included.
Assessments
Spontaneous urine samples were sampled during the first 5 days after birth. To obtain the urine samples cotton wool wads were placed in the diapers of the neonates and the urine was afterwards taken from the wads using disposable syringes. The used cotton wool was tested before use and regularly during the study for their iodine absence. UIC were evaluated by photometric procedure (Photometer ECOM 6122, Eppendorf, Hamburg, Germany) with Sandell and Kolthoff reaction [14] , a method which is recommended by the WHO. For quality control, in general, a calibrating standard (KI p. A.) and a control standard (KI Suprapur, both Merck, Germany) were used. Furthermore, the method was proved daily by analyzing the Seronorm™ trace elements urine (304 µg iodine/L, Sero, Norway). As demonstrated in a recent ring trial our UIC measurement method was higher than those from other German laboratories and the goldstandard inductively coupled plasma mass spectrometry (ICP-MS) method [15] . To be comparable to the ICP-MS method, we corrected the UIC values in our study by the following formula:
The WHO criteria for iodine sufficiency (100-300 µg/L) and insufficiency (< 100 µg/L) with respect to measured UIC are applicable for school children and are also used in adult surveys. However, no such concrete data exist for neonates, whose thyroids have lower iodine levels and higher turnover rates than children's and adults' glands. For this reason, we extrapolated an excretion level of "risk of a suboptimal iodine intake" from the available literature data [16] . As metabolic studies have suggested that iodine intake of fullterm infants should not be below 15 µg/kg/day, we calculated the "risk of a suboptimal iodine intake" for neonates weighing 3.5 kg as follows: 15 (µg/kg/day) × 3.5 (kg) ≈ 50 µg/day; 50 (µg/day) × 2.5 (day/L) [assuming a daily urine volume of 0.4 L] = 125 µg/L. Considering the relatively higher need of iodine for thyroid hormone production and iodine retention in neonates and babies, this 125 µg/L-level matches reasonably with the corresponding WHO level of 100 µg/L for children and adults.
TSH was determined from capillary blood taken during the first five days after birth by DELFIA (Neonatal hTSH kit, Wallace Oy, Turku, Finland). TSH levels were defined as increased if they exceed 5 mIU/L, which is the upper reference limit according to the manufacturer of the assay. Information on the use of iodine supplementation of the mother during pregnancy was classified according to the anatomic, therapeutic, and chemical (ATC) code H03C.
Height, weight, and head circumference of the neonates were measured by the midwife after birth of the children. Furthermore, Apgar scores 1, 5, and 10 min after birth were calculated.
Statistical analysis
Quantitative data are reported as median, 25th percentile, and 75th percentile stratified by the categorized UIC outcome (≤ 125, > 125 µg/L). Associations of the exposures sex of the neonate, supplementation of the mother, day of sampling, and intention to breastfeed with UIC and TSH levels were investigated by linear and logistic regression models. UIC were associated with serum TSH levels by multivariable linear regression adjusted for sex and iodine supplementation intake of the mother. Serum TSH levels were log-transformed, because the residuals in the regression model with untransformed serum TSH levels were not normally distributed. A p value < 0.05 was considered as statistically significant. All analyses were carried out with Stata 14.1 (Stata Corporation, College Station, TX, USA). (Table 1) .
Results
Median
Median UIC differed significantly between boys (153.3 µg/L) and girls (131.5 µg/L; p = 0.012). Boys had also a higher odds for UIC > 125 µg/L than girls (odds ratio [OR] = 1.55; 95% confidence interval [CI] 1.03-2.33) (Fig. 1) . Median serum TSH levels were 2.57 mIU/L (25th percentile: 1.61 mIU/L; 75th percentile: 3.88 mIU/L) and differed significantly between boys (2.60 mIU/L) and girls (2.26; p = 0.017). The prevalence of serum TSH levels > 5 mIU/L was 14% and was comparable between girls and boys (12.7 vs. 15.0%; OR = 0.83; 95% CI 0.46-1.48; p = 0.528).
Urine samples were taken on day 1 after birth in 1%, on day 2 in 7%, on day 3 in 68%; on day four in 21%, and on day five in 2% of the neonates. Median UIC did not differ significantly between days 2 (149 µg/L), 3 (144 µg/L), and 4 (146 µg/L; p = 0.860). In contrast median serum TSH levels did differ between days 2 (2.08 mIU/L), 3 (2.71 mIU/L), and 4 (2.02 mIU/L; p = 0.002). Prevalence of serum TSH levels > 5 mIU/L were comparable between days 2 (10.7%), 3 (14.7%), and 4 (14.1%; p = 0.949).
Mothers of 231 neonates took iodine supplementation medication during pregnancy (57.9%). Neonates from mothers with intake of iodine supplementation had significantly higher median UIC (150 µg/L) than neonates from mothers without intake of iodine supplementation (132 µg/L; p = 0.011). Neonates from mothers taking iodine supplementation had a higher chance for UIC > 125 µg/L than neonates from mother not taking iodine supplementation (OR = 1.60; 95% CI 1.06-2.41; p = 0.022) (Fig. 2) .
Serum TSH levels were higher in neonates with iodine supplementation of the mother than in those from mothers without (2.68 mIU/L vs. 2.41 mIU/L; p = 0.046). Furthermore, the odds for TSH levels > 5 mIU/L was significantly higher in neonates from mothers with iodine supplementation (frequency: 17.3%) than in those from mothers without Information on intention to breastfeed was available from mothers of 372 neonates; 213 mothers intended to feed by breast (57.3%), 91 by both breast and formula feeding (24.5%), and 68 by formula feeding only (18.3%). UIC did not differ significantly between these three groups (146 vs. 152 vs. 137 µg/L; p = 0.181). Serum TSH levels were not significantly different across these groups (2.57 vs. 2.72 vs. 2.27 mIU/L; p = 0.464).
Multivariable linear regression adjusted for sex and iodine supplementation of the mother revealed a significant association between UIC and log-transformed serum TSH levels (β = 0.003: 95% confidence interval (CI) 0.0001-0.005; p = 0.028).
Discussion
In our study, the median UIC was 145 µg/L implying that the neonates show an all-in-all appropriate iodine supply with an iodine excretion above the level of risk of a suboptimal intake. Compared to a German study in neonates from the middle of the 90s [10] , which was conducted shortly after initiation of the iodine prophylaxes in Germany, the median UIC of our study is nearly three times higher. Thus, our results mirror the success of the German iodine fortification program and suggest that in Germany, particularly in West Pomerania, iodine supply of pregnant women and young mothers along with their babies is most appropriate.
However, it is currently controversially discussed whether Germany has still an adequate iodine supply. Data from the German-wide DEGS study, in which 4193 adults were enrolled between 2008 and 2011, suggest that Germany is currently mildly iodine deficient (median UIC of 69 µg/L in males and 54 µg/L in females) [9] . In contrast, populationbased adult data from the SHIP study, conducted in Northeast of Germany during the same time period than DEGS, revealed median spot UIC on a lower recommended level (median UIC of 126 µg/L in males and 92 µg/L in females) and a decrease in prevalence of thyroid disorders related to iodine deficiency between 2000 and 2010 [5] . The laboratories responsible for the UIC measurements in DEGS and SHIP contributed both to a ring trial, in which UIC measurements from the DEGS lab were the lowest and measurements from the SHIP lab the highest [15] . This may explain the discrepant findings across these two studies. Differences in the hydration status of the participants between the two studies may be an alternative explanation, even though most individuals in both studies were examined non-fasting. A recent study accounted for hydration status by estimating 24-h iodine to creatinine ratios in DEGS and the Germanwide study in children and adolescents (KiGGS) conducted between 2003 and 2006 [9] , in which the median UIC was reported to be 117 µg/L [8] . From that analysis the authors concluded that 30% of the participants in DEGS and KiGGS had an estimated iodine intake lower than the estimated average requirement [9] .
In summary, recent studies in adults, children and adolescents suggest that Germany is on the way to fall back from iodine sufficiency to mild iodine deficiency. This negative trend may be related to an increased consumption of fast food, which often does not contain iodized salt. Manufacturers omit iodized salt in food productions because of different legislations across Europe [17] . In that respect, harmonization of legislation and iodine fortification programs is needed.
Despite the recent findings in adults, median UIC in our study point towards a sufficient iodine supply in German neonates at least in certain regions. Even in neonates given birth from mothers not taking iodine supplementation, the median UIC was 132 µg/L, which is still above the extrapolated cut-off for iodine sufficiency proposed according to available data from the literature [16] . The UIC values in our study were corrected to be comparable with the ICP-MS method, which can be seen as the gold-standard method to measure UIC [18] . Thus, it is unlikely that our laboratory method is responsible for falsely high UIC. Potentially, neonates represent a specific subgroup, in which iodine supply is better than in the general population, because of the awareness of the mothers during pregnancy. Iodine is very important for brain development of the unborn during pregnancy and intake of iodine supplementation is recommended [11, 19] . Apart from that, pregnant women may be more health-conscious in general, so that, even if they do not take iodine supplementation, they may be more regardful to ingest iodine-containing food. In our study, UIC were higher in boys than in girls. One reason for this may be a more concentrated urine in boys, which is supported by the fact that we measured median urinary creatinine levels of 5.3 mmol/L in boys and 3.7 mmol/L in girls. A more concentrated urine in boys than in girls appears biologically plausible, since in the mini-puberty of infancy during the first months of life, testosterone levels in male infants are as high as in healthy adult males [20] , which in consequence leads to a stimulation of sweat production [21] .
In our study, we did not observe a significant difference in UIC of neonates delivered from mothers intending to breastfeed in comparison to mothers who intended to feed only by formula milk. Since iodine measurements were measured from samples taken during the first five days after birth, it may have been too early to detect differences in UIC due to differences in feeding practice. However, in agreement with our findings, two studies conducted in the US [22] and Iran [23] , both countries with iodine sufficiency, found no statistically significant differences in UIC between breast-and formula feeding in infants with mean ages of 2 months. A significant difference in UIC between infants fed by breast and formula milk would be expected in countries with iodine deficiency, since formula milk is generally iodine fortified, while the iodine concentration in breast milk solely depends on the maternal iodine intake. Insufficient iodine concentrations in maternal breastmilk have been recently reported in Norway [24] and Denmark [25] . Thus, the lack of an association between feeding practice and UIC in our study may argue for a sufficient iodine intake of the examined woman in childbed.
The prevalence of serum TSH levels > 5 mIU/L was 14% in our study, which might be in contrast to our findings regarding UIC argue for iodine deficiency [11] . In iodine deficiency, the iodine turnover rate is increased, for which a higher stimulation of the thyroid by TSH is mandatory [26] . A recent study in 9175 children and adolescents demonstrated that a smaller thyroid volume is also associated with higher normal TSH levels [27] . From that finding, the authors conclude that a decreased thyroid cell mass and cell amount, which is induced by an improved iodine status, probably requires a higher TSH signal to retain a constant thyroid hormone production [27] . In line with this, a shift of the TSH distribution in German adults was observed towards the last decade [5, 28] . Thus, a TSH value above 5 mIU/L may not necessarily represent an indication for congenital hypothyroidism. For this, a much higher TSH cut-off of 15 mIU/L is used in the legal German neonate screening [29] . In our study, we observed no neonate with a TSH value higher than 15 mIU/L.
To the best of our knowledge, this is the first German study investigating UIC in neonates since 1996. Measurements were corrected to the gold-standard ICP-MS method, which represents a major strength of our study. Since no generally accepted cut-off for UIC in neonates exists, we propose a cut-off of 125 µg/L for neonates taking into account the higher demand of iodine in neonates. We derive this cutoff from extrapolating an excretion level of "risk of a suboptimal iodine intake" from the available literature data [16] . Limitations arise from the relatively low number of neonates with available UIC measurements. Our study was conducted between 2005 and 2007 and iodine status may have changed during the last 11 years. However, German guidelines on iodine intake during pregnancy were not altered in that timeframe. Urine samples were not always taken at the same day after birth, but in our analyses we observed no significant differences according to median UIC or prevalence of high TSH over the first five days after birth.
Neonates in Northeast Germany did show a sufficient supply of iodine. This points towards the possibility of a sufficient iodine supply of neonates also in other regions of Germany, even though recent studies in adults may indicate a mild iodine deficiency.
